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Parallel Molecular Pathways Mediate Expression of
Distinct Forms of Intermediate-Term Facilitation
at Tail Sensory±Motor Synapses in Aplysia
following a single tail shock, and for .24 hr (long-term
facilitation [LTF]) following repeated spaced shocks
(Walters et al., 1983; Buonomono and Byrne, 1990; Mer-
cer et al., 1991; Cleary et al., 1998; see also Frost et al.,
1985). Moreover, heterosynaptic facilitation of SN±MN
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synapses is produced by intracellular activation of sero-University of California, Irvine
tonergic interneurons (Mackey et al., 1989), and singleIrvine, California 92697
and repeated pulses of serotonin (5-HT) mimic the ef-
fects of tail shock for STF and LTF, respectively (Walters
et al., 1983; Montarolo et al., 1986; Mercer et al., 1991;Summary
Emptage and Carew, 1993; Mauelshagen et al., 1996;
Zhang et al., 1997). These results have served to estab-Three distinct temporal phases of synaptic facilitation
lish 5-HT-induced facilitation of SN±MN synapses as a(short-, intermediate-, and long-term) are induced by
useful cellular model of both short-term and long-termserotonin (5-HT) at sensory (SN) to motor (MN) syn-
behavioral sensitization.apses in Aplysia. Here, we characterize two mechanis-
Short-term memory has typically been contrastedtically distinct forms of intermediate-term faciliation
with long-term memory in that the former does not re-(ITF) at tail SN±MN synapses. One form, activity-inde-
quire protein synthesis, whereas the latter does (Davispendent ITF, is produced by five spaced pulses of 5-HT
and Squire, 1984). SN±MN synapses of Aplysia show ain the absence of SN activity. Its induction requires
similar dissociation in that LTF requires transcriptionprotein synthesis, and its expression requires persis-
and translation, while STF requires neither (Montarolotent activation of PKA but not PKC. The other form,
et al., 1986). Ghirardi and colleagues (1995) extendedactivity-dependent ITF, is produced by a single pulse
these observations by examining the properties of theof 5-HT coincident with SN activation. Its induction
SN±MN synapse in culture at times during the transitiondoes not require protein synthesis, and its expression
from STF to LTF. Following multiple exposures to 5-HT,requires persistent activation of PKC but not PKA.
which induce LTF in culture (Montarolo et al., 1986),These results demonstrate that SN±MN synapses can
synaptic facilitation was prolonged beyond the estab-exhibit two distinct forms of ITF that are mediated by
lished temporal range of STF (lasting hours, rather thanparallel molecular pathways.
minutes), yet was evident at times far earlier than LTF.
Furthermore, this prolonged phase of facilitation wasIntroduction
found to be mechanistically distinct from both STF and
LTF in that it required translation of new protein but
It is now well established in a wide range of species not transcription. These results revealed that a novel
that memories can endure from seconds and minutes temporal phase, intermediate-term facilitation (ITF), ex-
to days and weeks depending upon the amount and ists at SN±MN synapses in Aplysia. Mauelshagen et al.
pattern of training (McGaugh, 1966; DeZazzo and Tully, (1996) extended this analysis to SN±MN synapses in the
1995; Hammer and Menzel, 1995). Likewise, in several intact CNS and found that five spaced pulses of 5-HT
model systems, synaptic plasticity thought to underlie produce ITF (lasting .90 min) that can be temporally
memory has been shown to exist in a variety of temporal dissociated from both STF and LTF. ITF was easily dis-
domains (Nguyen et al., 1994; Ghirardi et al., 1995; tinguished from STF by both its induction requirement
Mauelshagen et al., 1996; Crow et al., 1999). In one and its time course; one to four spaced pulses of 5-HT
such system, the marine mollusc Aplysia, the cellular produced only STF (lasting ,30 min), whereas five
mechanisms of different temporal phases of memory pulses of 5-HT were required for ITF. In addition, the
have been extensively studied. The best characterized time course of ITF did not overlap with LTF; ITF decayed
form of learning in Aplysia is sensitization, which is char- completely to baseline within 3 hr, several hours prior
acterized by behavioral responses that are elicited by to the onset of LTF (10±15 hr; Mauelshagen et al., 1996).
a weak stimulus becoming greater in magnitude and Collectively, these observations show that SN±MN syn-
duration following a strong noxious stimulus (usually a apses can show three distinct phases of synaptic facili-
shock applied to the animal's tail). A single shock to the tation in response to different patterns of 5-HT exposure.
tail enhances behavioral responsiveness for a period of One to four pulses of 5-HT produce STF, whereas five
minutes, whereas repeated shocks delivered with an pulses of 5-HT produce both ITF and LTF. All three of
intervening rest period produce a form of sensitization these phases can be distinguished by both their kinetics
that lasts from days to weeks (Pinsker et al., 1973; Frost and their molecular requirements for induction.
et al., 1985; Cleary et al., 1998). Similarly, the connec- While three distinct phases of synaptic facilitation are
tions between tail sensory neurons (SNs) and motor produced by 5-HT in the absence of SN activity, it has
neurons (MNs) in the CNS of Aplysia become enhanced also been appreciated for some time that STF and LTF
for a period of minutes (short-term facilitation [STF]) exhibit activity-dependent modulation. Both STF and
LTF induced by 5-HT are enhanced if SN activity coin-
cides with 5-HT application (Hawkins et al., 1983; Wal-³ To whom correspondence should be addressed (e-mail: tcarew@
uci.edu). ters and Byrne, 1983; Schacher et al., 1997). Less is
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known about the relationship between SN activity and alone produces synaptic facilitation in the intermediate-
term range. Activity-dependent ITF does not require pro-ITF. Two studies are of relevance. One by Bao and col-
tein synthesis for its induction or persistent PKA activityleagues (1998) has shown that persistent facilitation
for its expression, but it does require persistent PKC(lasting at least 30 min) induced by SN activation in
activation for its expression. The other form (previouslycultured SN±MN synapses is differentially enhanced by
described by Ghirardi et al., 1995, and Mauelshagen eta 5-HT pulse paired with SN activation, relative to un-
al., 1996) is produced by five pulses of 5-HT in the ab-paired treatments. The other study, by Murphy and
sence of SN activation (activity-independent ITF). UnlikeGlanzman (1997), has shown that persistent facilitation
activity-dependent ITF, this form of facilitation requires(lasting at least 60 min) of SN±MN synapses induced by
de novo protein synthesis, as it does in cultured SN±MNtail nerve shock is differentially enhanced by paired,
synapses (Ghirardi et al., 1995). In addition, activity-relative to unpaired, SN activation. These studies thus
independent ITF requires persistent PKA, but not PKC,suggest that SN activity coupled with 5-HT exposure
activation for its expression. Thus, tail SN±MN synapsescan lead to facilitation in the intermediate-term range.
exhibit two distinct forms of ITF that differ in their depen-Considerable evidence shows that 5-HT engages mul-
dence on intrinsic activity and protein synthesis for in-tiple second-messenger pathways in Aplysia SNs. For
duction, as well as their molecular requirements for ex-example, the transient activation of both cAMP-depen-
pression.dent protein kinase (PKA) and protein kinase C (PKC)
Some of the results in this paper have been previouslycontributes significantly to STF (Castellucci et al., 1980,
presented in abstract form (M. A. Sutton et al., 1998,1982; Sugita et al., 1992; see Byrne and Kandel, 1996,
Soc. Neurosci., abstract; M. A. Sutton and T. J. Carew,for review). In addition to a transient activation of PKA
1999, Soc. Neurosci., abstract).and PKC in response to a single 5-HT pulse, both are
capable of persistent activation in response to other
Resultspatterns of 5-HT exposure. For example, Sossin and
colleagues (Sossin et al., 1994; Sossin, 1997) showed
SN Activity Enables the Induction of ITFthat prolonged (90 min) exposure to 5-HT induces a
with a Single 5-HT Pulsepersistent activation of PKC in isolated pleural/pedal
At SN±MN synapses in Aplysia, different patterns ofganglia measured 2 hr later. This persistent activation
5-HT exposure induce three temporally and mechanisti-required protein, but not RNA, synthesis. Also, MuÈ ller
cally distinct phases of synaptic facilitation: STF (min),and Carew (1998) demonstrated that five spaced pulses
ITF (1±3 hr), and LTF (.24 hr). Both STF and LTF inducedof 5-HT induce two distinct phases of persistent PKA
by 5-HT are enhanced if SN activity coincides with 5-HTactivation in tail SNs. An intermediate-term phase (1 hr
application (Hawkins et al., 1983; Walters and Byrne,after 5-HT) required translation but not transcription,
1983; Schacher et al., 1997). To assess the effect of SNwhereas a long-term phase (20 hr after 5-HT) required
activity on the induction of ITF in the intact CNS, weboth protein and RNA synthesis. While 5-HT can induce
examined pairs of tail SNs that shared a common MNpersistent activation of PKA and PKC in the absence of
as a postsynaptic target. Since SNs are not active at
SN activity, both PKA and PKC exhibit joint regulation
rest and receive no spontaneous input in the isolated
by 5-HT and Ca21 in Aplysia SNs (Abrams et al., 1991;
ganglion, their activity can be precisely regulated with
Sossin and Schwartz, 1992). Thus, it is possible that SN
an intracellular electrode. ITF typically requires multiple
activity, which can provide a source of Ca21 in the SNs, presentations of 5-HT in both cultured SN±MN synapses
could interact with 5-HT to facilitate a persistent activa- (Ghirardi et al., 1995) and in the intact CNS (Mauelshagen
tion of either of these signaling molecules. et al., 1996). Here, we asked whether a single pulse of
Since the transient activation of PKA and PKC contrib- 5-HT, if coupled with SN activity, could be made capable
utes to synaptic facilitation in the short-term range, the of ITF induction. The experimental protocol and a repre-
persistent activation of these two second messengers sentative example of our results are shown in Figure
could contribute to facilitation in the intermediate-term 1A. After establishing that both SN±MN synapses were
and long-term ranges. Indeed, the activation of PKA and stable (see Experimental Procedures), a single 5 min
PKC is known to contribute to the induction of long- pulse of 5-HT (50 mM) was bath applied, during which
term plasticity of SNs and their connections with MNs time one SN (SN1) was activated with four trains of
(Schacher et al., 1988; Manseau et al., 1998). However, suprathreshold depolarizing current pulses delivered at
the role of these second messengers in the expression 10 Hz, while the other (SN2) received no activation (n 5
of synaptic facilitation has not been addressed. Since 7). The length of each train was 2 s in initial experiments
the expression of ITF persists for .65 min after 5-HT (Figure 1) and 1 s in subsequent experiments (see Exper-
exposure, the putative role of persistent protein kinase imental Procedures). The efficacy of synaptic transmis-
activation in ITF expression can be examined directly sion was then assessed during five posttests delivered
by experimental manipulations that are made following at 15 min intervals, beginning 5 min after 5-HT offset.
the completion of the induction phase. Since ITF is characterized by a time course that persists
In the present study, we examined the role of SN beyond the immediate effects of 5-HT, the time course
activity and protein synthesis in the induction of ITF and of synaptic facilitation in all experiments is examined
the roles of PKA and PKC in the expression of ITF. These relative to the offset of the last pulse of 5-HT.
experiments allowed us to identify two mechanistically In the absence of SN activity (SN2; Figures 1A and
distinct forms of ITF at tail SN±MN synapses. One form, 1B), a single 5-HT pulse produces STF that decays rap-
activity-dependent ITF, is produced by the interaction idly (within z20 min). Thus, the amplitude of the excit-
atory postsynaptic potential (EPSP) elicited by SN2 wasof SN activity and a single 5-HT pulse, neither of which
Intermediate-Term Facilitation in Aplysia
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Figure 1. SN Activation Coincident with a Single Pulse of 5-HT Induces Activity-Dependent ITF
Representative example (A) and summary (B) of experiments (n 5 7) in which one of a pair of SNs that share a common postsynaptic target
(MN) is activated during a single 5 min pulse of 50 mM 5-HT (SN1). The other SN (SN2) is not activated during 5-HT. After 5-HT, the EPSP
elicited by the SN2 shows transient short-term facilitation that lasts for ,30 min. The magnitude of facilitation of the EPSP evoked by SN1
at 5 min is enhanced compared with SN2 (p , 0.05), and facilitation in SN1 persists for .65 min (p , 0.05). Each point in (B) represents the
mean (6SEM) EPSP amplitude evoked by each SN normalized to the average of three pretests (baseline). Dashed lines represent baseline
EPSP amplitude; black bar on abscissa denotes a single pulse of 5-HT.
significantly enhanced 5 min after 5-HT offset (p , 0.05) at all time points). These results demonstrate that coinci-
dent SN activation enables a single pulse of 5-HT, whichbut not at any other time point. In contrast, synaptic
facilitation induced by the same 5-HT pulse in SN1 is produces only STF in the absence of activity, to induce
ITF. These findings, taken with previous results, demon-not only significantly enhanced in the short-term range
(5 min), relative to SN2 (t6 5 4.42, p , 0.05), but is also strate two forms of ITF: activity-independent ITF, pro-
duced by five spaced pulses of 5-HT in the absence ofconsiderably more prolonged, lasting .65 min (p , 0.05
Neuron
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Figure 2. Activity-Dependent Enhancement
of STF and Activity-Dependent ITF Are Dis-
tinct
Examples from three individual experiments
are shown in which activity-dependent en-
hancement of STF and persistence of facilita-
tion in SN1 (activity-dependent ITF) are dis-
sociable. In each case, individual EPSPs
elicited by SN1 and SN2 either prior to (base-
line) or following a single 5 min pulse of 5-HT
(50 mM, shaded bar) are shown.
(A) When the magnitude of STF is similar in
SN1 and SN2 5 min after 5-HT, ITF at 20±65
min is observed only in the EPSP elicited by
SN1.
(B) Even when no STF is evident in SN1 5
min after 5-HT (n 5 2), activity-dependent ITF
is still observed 20±65 min after 5-HT. Re-
gardless of whether the EPSP evoked by SN2
showed STF (B1) or not (B2), the SN2 EPSP
showed no facilitation at the 20±65 min time
points. Dashed lines indicate baseline EPSP
amplitude.
SN activity (Ghirardi et al., 1995; Mauelshagen et al., Collectively, these results strongly suggest that the
activity-dependent enhancement of STF and activity-1996), and activity-dependent ITF, produced by a single
5-HT pulse in the presence of SN activity. dependent induction of ITF reflect distinct processes.
The fact that SN activation coincident with 5-HT en-
hances the amplitude of STF (5 min time point, Figure Induction of Activity-Independent ITF Requires
New Protein Synthesis1B; see also Hawkins et al., 1983; Walters and Byrne,
1983) raises the possibility that the sustained facilitation Previous work by Ghirardi et al. (1995) in cultured SN±MN
synapses showed that ITF induced by repeated 5-HTin SN1, which we attribute to ITF, simply reflects pro-
longed decay of STF from a higher starting point. Several pulses required de novo protein synthesis. We next ex-
amined whether this form of ITF in the intact CNS alsolines of evidence suggest that this explanation is unlikely
and support the hypothesis that the activity-dependent required protein synthesis. Using the experimental pro-
tocol of Mauelshagen et al. (1996), we first confirmedenhancement of STF and the activity-dependent induc-
tion of ITF are fundamentally distinct. First, as reflected that five spaced applications of 5-HT (50 mM, 5 min),
each separated by a 10±15 min wash with artificial seain Figure 1B, the facilitation in SN1 shows a decay profile
with two distinct time constants: a rapidly decaying early water (ASW), produce ITF that lasts .65 min (Figure
3A). In a parallel set of experiments, we asked whetherphase (5±20 min), which is very similar to that found in
SN2, and a slowly decaying second phase (20±65 min). ITF produced in this fashion is dependent on translation
by applying the protein synthesis inhibitor emetine (100If the prolonged facilitation in SN1 was simply an ex-
tended form of STF, one would expect them to have the mM) at least 40 min prior to 5-HT treatment (see Experi-
mental Procedures). We have found that this concentra-same rate of decay, which they do not. Second, in a
few cases, the magnitude of STF was similar in SN1 tion of emetine blocks .90% of protein synthesis in
isolated ganglia (S. E. McKay, et al., unpublished data).and SN2; nonetheless, persistent facilitation in the ITF
domain was observed only in SN1 (Figure 2A). Finally, To assess the effects of emetine on both STF and ITF,
we tested the SN±MN synapse 5 min after the first pulse,an even clearer example of the independence of ITF and
STF comes from two rare instances when no STF was as well as 5±65 min after the fifth pulse (at 15 min inter-
vals). After the first 5-HT pulse (data not shown), signifi-evident in SN1 5 min after 5-HT offset (Figures 2B1 and
2B2). Nevertheless, in both cases, the amplitude of the cant STF was observed in both normal and emetine-
containing ASW (mean percentage of baseline [6SEM]SN1 EPSP was enhanced at the 20 min test, and this
facilitation persisted for at least 65 min after 5-HT offset. of 202% [616.9] and 250% [638.1], respectively; both
Intermediate-Term Facilitation in Aplysia
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Figure 3. Induction of the Two Forms of ITF
Differ in Their Requirement for Protein Syn-
thesis
The protein synthesis inhibitor emetine (100
mM) was perfused at least 40 min prior to
5-HT (50 mM) exposure and throughout the
experiment; this treatment blocks .90% of
protein synthesis in isolated ganglia (see
text). All data are expressed as mean (6SEM)
EPSP amplitude evoked by SNs normalized
to the average of four pretests. Dashed lines
indicate baseline EPSP amplitude; black bars
on the abscissa denote pulses of 5-HT; arrow
on abscissa denotes SN activation in the ab-
sence of 5-HT.
(A) In the absence of SN activity, five spaced
pulses of 5-HT (ITI 5 10±15 min) produce ITF
lasting .65 min (n 5 9). This activity-indepen-
dent form of ITF is blocked by emetine (n 5 9).
(B) Emetine does not affect activity-depen-
dent enhancement of STF or the induction of
activity-dependent ITF in SN1.
(C) The same pattern of SN activation (4 3
10 Hz, 1 s, ITI 5 1 min) in the absence of 5-HT
does not produce synaptic facilitation at the
intermediate-term time points either in the
presence (n 5 5) or absence (n 5 5) of em-
etine.
p , 0.05), and the magnitude of facilitation was statisti- synaptic transmission (see below). Thus, similar to the
reconstituted SN±MN synapse in culture (Ghirardi et al.,cally indistinguishable (t16 5 1.51, NS). While a single
5-HT pulse produced similar STF in normal and emetine- 1995), ITF produced by five pulses of 5-HT in the intact
CNS also requires the synthesis of new proteins.containing ASW, the effect after five pulses was quite
different. As shown in Figure 3A, ITF was induced in
normal ASW; EPSP amplitude was significantly en- Induction of Activity-Dependent ITF Does Not
Require New Protein Synthesishanced 20±65 min after the fifth pulse of 5-HT (p , 0.05
at all time points). In emetine-containing ASW, however, Since activity-independent ITF requires protein synthe-
sis, we next examined whether activity-dependent ITFITF was abolished 20±65 min after the fifth 5-HT pulse
(NS at all time points). Importantly, perfusion of ASW (Figure 1) has a similar translational dependency. As
with previous experiments (Figure 3A), 100 mM emetinecontaining the same concentration of emetine for a simi-
lar period does not produce any decrement in baseline was added to the ASW at least 40 min prior to 5-HT
Neuron
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Figure 4. Effects of PKA and PKC Inhibitors
on the Expression of Activity-Dependent ITF
During a 5 min 5-HT pulse (50 mM, black bar
on abscissa), activity-dependent ITF was in-
duced in one (SN1) of a pair of SNs that share
a common MN as a postsynaptic target. The
other SN (SN2) was not activated during 5-HT
exposure. A test of synaptic efficacy from
both SNs was conducted 5 min after 5-HT
in regular ASW. After (10 min) 5-HT offset,
continuous perfusion of the bath was stopped,
and blockers (or an equivalent volume of their
vehicle) were applied. The preparation was
maintained in the static bath until the comple-
tion of testing, as indicated by the shaded
regions in the figures. All data are expressed
as mean (6SEM) EPSP amplitude normalized
to the average of three stable pretests.
Dashed lines indicate baseline EPSP am-
plitude.
(A) Blocking PKA activity with 10 mM KT 5720
(n 5 5) did not affect the expression of activ-
ity-dependent ITF in SN1.
(B) Blocking PKC activity with H7 (1 mM, n 5
5) selectively abolished expression of ITF in
SN1. By contrast, the expression of activity-
dependent ITF in SN1 was preserved in the
presence of the vehicle (DH2O; n 5 5).
(C) A second PKC inhibitor, chelerythrine (10
mM, n 5 5), also selectively abolished expres-
sion of ITF in SN1. The expression of activity-
dependent ITF in SN1 was again preserved
in the presence of the vehicle (DH2O, n 5 5).
exposure. One of two SNs with a common postsynaptic normal ASW, one pulse of 5-HT coincident with SN acti-
vation (SN1) enhanced the amplitude of STF, relativeMN was activated at 10 Hz (4 3 1 s trains) during 5-HT
(SN1), while the other was not activated (SN2). In to SN2 (t4 5 2.93, p , 0.05) and, as before (Figure 1B),
Intermediate-Term Facilitation in Aplysia
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Figure 5. Effects of PKA and PKC Inhibitors
on the Expression of Activity-Independent
ITF
Representative examples (A) and summary of
experiments (B) where chelerythrine (10 mM),
KT 5720 (10 mM), or 1% DMSO (the vehicle
for KT 5720) was applied to the bath during
the expression of activity-independent ITF
(n 5 5/group). Activity-independent ITF was
induced by five pulses of 5-HT (50 mM; ITI 5
15 min) in the absence of SN activity and was
confirmed by tests of synaptic efficacy at 5
and 20 min after 5-HT in ASW. After (20 min)
5-HT offset, continuous perfusion of the bath
was stopped, and treatments were applied.
The preparation was maintained in the static
bath until the completion of the 65 min test,
at which point the continuous perfusion of
the bath with ASW was resumed. The period
of drug application is indicated by the black
bar in (A) and the shaded region in (B). All
data in (B) are expressed as mean (6SEM)
EPSP amplitude normalized to the average of
three pretests. Dashed lines indicate baseline
EPSP amplitude. The expression of activity-
independent ITF was preserved in the pres-
ence of the PKC inhibitor chelerythrine and
1% DMSO but was abolished at the 50 and
65 min time points by blocking PKA activity
with KT 5720. Upon washout of KT 5720 at
the 95 min time point, EPSP amplitude recov-
ered to a facilitated level similar to that found
in vehicle- and chelerythrine-treated prepara-
tions.
resulted in a significant enhancement of EPSP amplitude capable of persistent activation following different pat-
terns of 5-HT exposure (Sossin et al., 1994; MuÈ ller andin the intermediate-term range (20±65 min, all p , 0.05).
In contrast to activity-independent ITF (Figure 3A), eme- Carew, 1998). To assess the potential contribution of
persistent PKA and PKC activation in ITF expression,tine did not affect the induction of activity-dependent
ITF (20±65 min, p , 0.05) in SN1 (Figure 3B). In the we examined the effects of blocking each of these path-
ways after ITF was induced, i.e., after termination ofabsence of SN activity, significant STF (5 min) was ob-
served in both normal and emetine-containing ASW (p , 5-HT exposure. In the first series of experiments, we
examined the expression of activity-dependent ITF (Fig-0.05 in each case), but no ITF was observed in either
SN2 group (see also Figure 1B). Furthermore, compara- ure 4). The effects of PKA and PKC inhibitors were as-
sessed in two SN synapses onto a common MN thatble SN activation delivered in the absence of 5-HT did
not alter the efficacy of the SN±MN synapse in either received either prior coincident activation (SN1) or no
activation (SN2) during the application of a single 5normal or emetine-containing ASW (Figure 3C). These
results demonstrate that activity-dependent induction min 5-HT pulse. To examine the role of these second
messengers during ITF expression, the PKA inhibitorof ITF results from a specific interaction between activity
and 5-HT exposure; neither 5-HT alone (Figures 1B and KT 5720 (10 mM), the PKC inhibitors H7 (1 mM) and
chelerythrine (10 mM), or an equivalent volume of dis-3B) nor activity alone (Figure 3C) are sufficient for the
induction of ITF. Moreover, in contrast to activity-inde- tilled water (the vehicle for H7 and chelerythrine) was
applied 10 min after the offset of 5-HT. Although H7pendent ITF, activity-dependent ITF does not require
new protein synthesis. exhibits some affinity for other substrates in mammalian
cells, it is relatively selective for PKC in Aplysia (Conn
et al., 1989; Braha et al., 1990; Ghirardi et al., 1992). AsExpression of Activity-Dependent ITF Requires
Persistent Activation of PKC but Not PKA shown in Figure 4A, ITF expression in SN1 was pre-
served (20±65 min, p , 0.05 at each time point) whenIn the SNs of Aplysia, 5-HT is known to activate both
PKA and PKC second-messenger pathways (for review, PKA activity was blocked with 10 mM KT 5720; ITF ex-
pression was also normal in the presence of distilledsee Byrne and Kandel, 1996), likely via distinct 5-HT
receptors (Mercer et al., 1991; Sossin and Schwartz, water (Figures 4B and 4C), the vehicle for H7 and cheler-
ythrine. However, ITF in SN1 was specifically blocked1992). Both of these second-messenger systems are
Neuron
226
Figure 6. Summary Diagram Depicting Two
Mechanistically Distinct Forms of ITF
(Top) Schematic representation of the time
course of three distinct temporal phases of
synaptic facilitation produced by 5-HT at
Aplysia SN±MN synapses in the intact CNS
(Mauelshagen et al., 1996).
(Inset) Two forms of ITF differ in their require-
ments for SN activity and protein synthesis
during induction and for persistent activation
of PKA and PKC during expression.
(20±65 min, NS at each time point) in the presence of transmission since the same concentration of the blocker
does not affect activity-dependent ITF, nor does it affectH7 (Figure 4B) and chelerythrine (Figure 4C). This block-
ade of ITF in SN1 cannot be explained by a disruption baseline EPSP amplitude in unactivated SNs (see
above). Thus, the expression of activity-independent ITFof normal synaptic transmission, as the amplitude of
the EPSP elicited by SN2 showed no decrement from requires the persistent activation of PKA but not PKC.
Collectively, these results demonstrate that there arebaseline in the presence of any of the drugs tested.
Thus, the expression of activity-dependent ITF requires at least two mechanistically distinct forms of ITF pro-
duced by 5-HT at SN±MN synapses in Aplysia (Figurethe persistent activation of PKC but not PKA.
6). One form, activity-dependent ITF, is produced by a
single 5-HT pulse coincident with SN activation. ThisExpression of Activity-Independent ITF Requires
Persistent Activation of PKA but Not PKC form is protein synthesis independent and requires per-
sistent PKC activation, but not PKA activation, for itsWe next explored the role of PKA and PKC pathways in
the expression of activity-independent ITF. Five spaced expression. The other form, activity-independent ITF, is
produced by five pulses of 5-HT in the absence of SNpulses of 5-HT were delivered in the absence of SN
activity, as described previously (Figure 3A). The pres- activation. It requires protein synthesis and persistent
PKA activation, but not PKC activation, for its expres-ence of ITF was confirmed by assessing EPSP amplitude
5 and 20 min after 5-HT offset (see Experimental Proce- sion. Thus, there are two parallel molecular pathways
in the SN±MN synapse that are differentially engageddures). Immediately following the 20 min test, cheler-
ythrine (10 mM), KT 5720 (10 mM), or its vehicle (1% by both 5-HT and by intrinsic SN activity in the induction
and expression of synaptic facilitation in the intermedi-dimethyl sulfoxide [DMSO]) was bath applied, and the
effect on ITF expression was assessed. After 45 min of ate-term range.
incubation, the drug/vehicle was washed out, and EPSP
amplitude continued to be measured out to 95 min. In Discussion
contrast to activity-dependent ITF, blocking PKC activ-
ity with chelerythrine had no effect on the expression Three distinct phases of synaptic facilitation are induced
at SN±MN synapses in Aplysia by different patterns ofof activity-independent ITF (35±65 min, p , 0.05 at all
time points; Figure 5). However, blocking PKA activity 5-HT exposure. One to four discrete pulses of 5-HT
produce STF, which decays within 15±30 min, while fivewith KT 5720 abolished ITF expression during the 50
and 65 min time points (both NS), and, upon washout, pulses of 5-HT produce both ITF (lasting .90 min) and
LTF (lasting .24 hr). These phases can be dissociatedEPSP amplitude recovered to a facilitated level (95 min
test, t4 5 2.42, p , 0.05) comparable to that observed by their temporal dynamics in the intact CNS (Mauelsha-
gen et al., 1996) and by their underlying mechanismin vehicle- and chelerythrine-treated preparations. The
effect of KT 5720 on activity-independent ITF cannot in cultured SN±MN synapses (Montarolo et al., 1986;
Ghirardi et al., 1995). Considerable research has beenbe explained by a nonspecific decrement in synaptic
Intermediate-Term Facilitation in Aplysia
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devoted to elucidating the processes involved in both are clearly different, they could still engage the same
molecular mechanism for their expression, simply viaSTF and LTF, while less is known about ITF. To address
this issue in the present study, we have focused on the different signaling routes. However, we found that the
molecular mechanisms underlying the expression ofmechanistic requirements for both the induction and
expression of synaptic facilitation in the intermediate- each ITF form were also distinct, demonstrating that at
least two forms of synaptic facilitation with highly similarterm range.
temporal dynamics are differentially engaged by 5-HT
and SN activity.Coincident SN Activation Enhances All Three
Our results, taken with those of several previous stud-Phases of 5-HT-Induced Synaptic Facilitation
ies (Ghirardi et al., 1995; MuÈ ller and Carew, 1998; Ca-All three temporal phases of synaptic facilitation pro-
sadio et al., 1999; Sherff and Carew, 1999), highlightduced by 5-HT can be enhanced by coincident SN acti-
an important point when considering multiple forms ofvation. Activity can enhance the amplitude of STF and
synaptic facilitation in Aplysia. Although several phasesLTF produced by 5-HT (Hawkins et al., 1983; Walters
of facilitation can exist in a variety of time domains (e.g.,and Byrne, 1983; Schacher et al., 1997) or by tail nerve
STF, ITF, and LTF), the duration of facilitation aloneshock (Buonomono and Byrne, 1990). Additional work
is insufficient to completely characterize a particularin cell culture has shown that persistent facilitation of
phase. For example, O'Leary et al. (1995) found thatSN±MN synapses is differentially enhanced by a 5-HT
long-term (24 hr) structural changes induced by cAMPpulse coincident with SN activation, relative to unpaired
injection into the SNs had a different molecular require-treatments (Bao et al., 1998). Moreover, Schacher et al.
ment than long-term changes in synaptic efficacy at the(1997) showed that SN activity and 5-HT exposure can
same time point; the time window during which proteininteract to induce LTF in cultured SN±MN synapses,
synthesis was required for structural remodeling waswhile neither treatment alone was sufficient to do so. In
extended several hours beyond that required for (24 hr)the present study, we have identified a similar phenome-
LTF described by Montarolo and colleagues (1986). Innon with ITF in the intact CNS. A single 5-HT pulse in
addition, Casadio and colleagues (1999) have recentlythe absence of SN activation produces only a short-
shown that 5-HT-induced LTF evident at 24 hr can belasting facilitation (,30 min) of the SN±MN synapse,
further divided into a growth-independent phase thatwhereas the same pulse of 5-HT produces a significantly
does not persist beyond 48 hr and a growth-dependentlonger-lasting facilitation in the intermediate-term range
phase that extends further, to at least 72 hr. Finally, our(.65 min) when coincident with SN activation. Identical
present results show that different forms of ITF withSN activation in the absence of 5-HT does not alter
exactly the same temporal profiles may utilize multiplesynaptic efficacy at the intermediate-term time points.
and independent mechanisms for their induction and/Thus, SN activation and 5-HT exposure, which alone
or expression. Taken collectively, these results indicateare insufficient for ITF induction, can interact to induce
that, within any particular temporal phase of synapticpersistent facilitation of SN±MN synapses that extends
plasticity, several mechanistically distinct forms may bewell into the intermediate-term range.
distinguished based on their unique molecular signa-
tures. It now becomes interesting to explore the func-Multiple Forms of ITF Can Be Distinguished by Their
tional differences of these different forms of facilitation,Requirements for Induction and Expression
perhaps in their ability to differentially engage furtherThe three phases of synaptic facilitation (STF, ITF, and
stages of long-lasting synaptic modification.LTF) can be distinguished in cultured SN±MN synapses
by their differential dependence on macromolecular
synthesis for induction. LTF requires both gene tran- Expression of Activity-Dependent ITF Relies on
Persistent PKC Activation that Is Inducedscription and mRNA translation, ITF is dependent on
translation, but not transcription, and STF requires nei- without New Protein Synthesis
The expression of activity-dependent ITF in activatedther transcription nor translation (Montarolo et al., 1986;
Ghirardi et al., 1995). In addition to distinct molecular SNs was specifically blocked by two PKC inhibitors (H7
and chelerythrine) but was not affected by blocking PKArequirements for different temporal phases of synaptic
plasticity, the results of the present study demonstrate activity with KT 5720 during ITF expression. A persistent
activation of PKC of at least 2 hr has been demonstratedthat multiple forms of plasticity with distinct molecular
requirements may exist within a given temporal phase. after prolonged (90 min) applications of 5-HT (Sossin et
al., 1994; Sossin, 1997), but unlike the induction require-Thus, ITF induced by five pulses of 5-HT in the absence
of SN activity (activity-independent ITF) requires de ments for activity-dependent ITF, this persistent PKC
activity was blocked by inhibiting protein synthesis.novo protein synthesis for its induction. However, this
translational requirement for activity-independent ITF is Thus, the manner in which 5-HT and SN activity interact
to produce a persistent activation of PKC involves anot a general constraint on the ability of 5-HT-induced
synaptic facilitation to persist into the intermediate-term mechanism that is distinct from that engaged by 5-HT
in the absence of SN activity. Moreover, prolonged anddomain since ITF produced by a single 5-HT pulse that
is coincident with SN activation (activity-dependent ITF) continuous application of 5-HT in the absence of SN
activity produces facilitation of SN±MN synapses thatdoes not depend on protein synthesis. Thus, the induc-
tion requirements for activity-dependent and activity- extends into the intermediate-term domain (Mauelsha-
gen et al., 1998; Yanow et al., 1998), yet a 90 min continu-independent ITF differ in their dependence on both in-
trinsic SN activity and de novo protein synthesis. While ous pulse of 5-HT does not induce an intermediate-term
persistent activation of PKA in SNs (MuÈ ller and Carew,the induction requirements for these two forms of ITF
Neuron
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1998). These observations suggest that yet another form The temporal dynamics of PKA activity measured in
of activity-independent ITF may be induced at SN±MN tail SNs in response to different patterns of 5-HT expo-
synapses by prolonged applications of 5-HT. sure show a remarkable correspondence to the dynam-
While the detailed signaling events involved in the ics of STF, ITF, and LTF at tail SN±MN synapses. Specifi-
induction of activity-dependent ITF are unknown, sev- cally, MuÈ ller and Carew (1998) observed three distinct
eral studies suggest that SN activity interacts with 5-HT- temporal phases of PKA activation in tail SNs: a single
mediated facilitation via Ca21-dependent modulation of pulse of 5-HT produced a transient activation of PKA
5-HT-initiated signaling. For example, both our results (decaying within 15 min), whereas five pulses of 5-HT
and those of Bao et al. (1998) demonstrate a form of produced both an intermediate-term and long-term per-
persistent synaptic facilitation that is specific to the in- sistent activation of PKA (evident 1 and 20 hr later, re-
teraction between 5-HT and SN activity. Bao and col- spectively). Interestingly, the persistent activation of
leagues (1998) further show that pairing-specific facilita- PKA was biphasic during this period, as intermediate-
tion requires a presynaptic interaction between Ca21 term PKA activity declined to baseline levels by 3 hr,
arising from SN activation and cAMP-induced signaling prior to the expression of long-term activation observed
driven by 5-HT. Moreover, direct injection of BAPTA in 20 hr later. The same patterns of 5-HT exposure induce
the MN and strong MN hyperpolarization during training STF, ITF, and LTF at tail SN±MN synapses, and, impor-
both reduced the magnitude of pairing-induced SN±MN tantly, synaptic facilitation following five pulses of 5-HT
facilitation, suggesting that postsynaptic Ca21 also con- shows a similar biphasic temporal profile between the
tributes to the induction and/or expression of this form intermediate-term and long-term phases (Mauelshagen
of persistent synaptic facilitation. Indeed, other studies et al., 1996). In addition to the similar temporal profiles
have shown that the NMDA receptor antagonist amino- of synaptic facilitation and PKA activation in tail SNs,
phosphono-valeric acid and postsynaptic hyperpolar- the three phases of PKA activation have induction re-
ization can inhibit the activity-dependent enhancement quirements similar to those of the three phases of synap-
of synaptic facilitation produced by 5-HT or by tail nerve tic facilitation. Thus, the transient PKA activation ob-
shock (Murphy and Glanzman, 1997; Schacher et al., served after a single 5-HT pulse requires neither protein
1997). Collectively, these results suggest that SN acti- nor RNA synthesis, the intermediate-term persistent ac-
vation modulates 5-HT-induced facilitation by a Ca21- tivation requires translation but not transcription, and
dependent mechanism, but the site of Ca21's action in the long-term phase requires both translation and tran-
producing these effects may be presynaptic, postsynap- scription (MuÈ ller and Carew, 1998). Given that five pulses
tic, or both. of 5-HT produce intermediate-term persistent PKA acti-
vation that relies on protein synthesis in the same popu-
Expression of Activity-Independent ITF Relies lation of SNs, our results suggest that the persistent
on Persistent PKA Activation that Is induced activation of PKA, as a consequence of protein synthe-
in a Protein Synthesis±Dependent Manner sis, underlies the expression of activity-independent ITF
In contrast to the activity-dependent form of ITF, we at tail SN±MN synapses.
found that activity-independent ITF in the intact CNS
requires de novo protein synthesis for its induction, as
it does in cultured SN±MN synapses (Ghirardi et al., Multiple Memory Phases in Other Systems
1995). Ghirardi et al. (1995) also observed a persistent Thus far, we have restricted our discussion to different
facilitation of cultured SN±MN synapses induced by re- temporal phases of synaptic facilitation expressed at
peated 5-HT pulses at low concentrations that they at- Aplysia SN±MN synapses. However, several other prep-
tributed to a cumulative form of STF since, in contrast arations show at least three distinct temporal phases of
to the form of ITF that they described, it did not require plasticity with a clearly defined intermediate phase. For
protein synthesis. Furthermore, this cumulative form of
example, recent studies of classical conditioning in Her-
STF was blocked by treatment with a PKA inhibitor ap-
missenda have distinguished three mechanistically and
plied 30 min prior to and during 5-HT exposure. Since
temporally distinct phases of hyperexcitability in type Bthe inhibitor was present during 5-HT exposure, and its
photoreceptors (Crow et al., 1997, 1999). In particular,effects could persist after 5-HT offset, these experi-
an intermediate phase of hyperexcitability (evident 1±3ments do not distinguish whether PKA activity was re-
hr following training) was identified that required newquired for induction, expression, or both. In the present
protein synthesis but not RNA synthesis. These mecha-study, the extended time course of ITF allowed us to
nistic requirements for the intermediate phase distinguishmanipulate PKA and PKC activity solely during ITF ex-
it from long-term hyperexcitability (emerging 16±24 hrpression. We found that the expression of activity-inde-
following training), which requires both transcription andpendent ITF requires the persistent activation of PKA
translation, and from a short-term phase (lasting aboutbut not PKC. Since KT 5720 targets the catalytic subunit
1 hr), which requires neither. Interestingly, the temporalof PKA, it blocks the downstream activity of PKA without
dynamics of these three phases of hyperexcitability inaffecting the underlying processes that give rise to per-
Hermissenda photoreceptors follow a strikingly similarsistent PKA activity. Thus, not only was the expression
relationship to the three phases of synaptic facilitationof activity-independent ITF blocked by KT 5720, but
and PKA activation at tail SN±MN synapses in Aplysiaalso, this effect was reversible; the EPSP recovered to
(Mauelshagen et al., 1996; MuÈ ller and Carew, 1998), anda facilitated level when the drug was washed out. Future
in each case, intermediate-term plasticity decays com-studies are needed to determine the possible role (if
pletely several hours prior to the onset of the long-termany) of PKA and PKC activation during the induction of
activity-independent ITF. phase.
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Experimental ProceduresThe existence of intermediate phases of neural plas-
ticity is also seen in many higher animals. Synaptic plas-
Preparationticity in the mammalian hippocampus exhibits multiple
Wild-caught adult Aplysia californica (supplied by Marinus, Long
temporal phases of plasticity that are dissociable by Beach, CA, or Marine Specimens Unlimited, Pacific Palisades, CA)
time course and mechanism. For example, long-term were anesthetized by injection of isotonic MgCl2 (z100 ml/100 g
body weight), and the left pleural/pedal ganglia were excised. Topotentiation (LTP) in the dentate gyrus, CA1, and CA3
limit contraction of connective tissue during recording, the gangliaregions in the mammalian hippocampus all exhibit both
were bathed in 0.4% glutaraldehyde for 40±60 s immediately follow-early (E-LTP, lasting 1±3 hr) and late (L-LTP) phases
ing removal from the animal. Ganglia were then transferred to a
that are mechanistically distinct; inhibitors of protein SYLGARD-coated recording dish containing a 1:1 mixture of isotonic
synthesis (Frey et al., 1988) or RNA synthesis (Nguyen MgCl2 and ASW containing (in mM): NaCl, 460; MgCl2, 55; CaCl2, 11;
KCl, 10; and Tris, 10 (pH 7.6) to prevent synaptic transmission duringet al., 1994) block the induction of L-LTP, which normally
dissection. The ganglia were then pinned and desheathed to exposeemerges 2±3 hr after repeated tetani, but do not affect
the somatic clusters of tail SNs and MNs in the pleural and pedalthe less persistent E-LTP, which is induced by a single
ganglia, respectively (Walters et al., 1983). Following dissection, the
tetanus. A recent study by Winder et al. (1998) has further preparation was continuously perfused at a rate of z5 ml/min with
identified an intermediate phase of LTP (I-LTP) in the ASW at room temperature (208C±228C), except during specific drug
CA1 region that is induced by a PKA-dependent sup- application in some experiments (see below).
pression of the Ca21-sensitive phosphatase calcineurin.
I-LTP can be distinguished from E-LTP in requiring multi- Intracellular Recording and Experimental Protocol
ple tetani for induction and the activation of PKA, yet Tail SNs and MNs (identified by their size and position in pleural
and pedal ganglia) were impaled with 3 M KCl±filled glass microelec-unlike L-LTP, I-LTP does not require new protein synthe-
trodes with resistances ranging from 5±15 MV. Intracellular signalssis. Collectively, these results distinguish at least three
were amplified by an Axoclamp 2A intracellular amplifier (Axon In-distinct temporal phases of LTP in the CA1 region of
struments, Foster City, CA) or a Dagan IX2±700 intracellular amplifier
the mammalian hippocampus. (Dagan, Minneapolis, MN). The resting membrane potential of SNs
Since several phases of neuronal plasticity have now was not manipulated, but the MNs' membrane potential was held
at 270 mV to prevent spiking. Data were recorded and analyzedbeen identified in a number of species, it is now possible
using a Maclab data acquisition system (AD Instruments, Mountainto begin to determine the relationship among these mul-
View, CA).tiple temporal phases of plasticity. For example, in
Monosynaptic EPSPs in the MN were evoked by single action
Aplysia, it is known that LTF at SN±MN synapses can potentials elicited in the SN(s) with 4 ms depolarizing current pulses.
be induced in the absence of STF (Clark and Kandel, Prior to experimental treatments, three to four pretests (intertrial
1993; Emptage and Carew, 1993), demonstrating that interval [yTI] 5 15 min) were conducted to ensure a stable amplitude
of EPSPs (within 20%) at these synapses. Following the last pulsethese two temporal phases can be established in paral-
of 5-HT, posttests of EPSP amplitude (elicited as pretests above)lel. While little is known regarding the relationship of ITF
were conducted every 15 min, beginning 5 min after 5-HT offsetwith LTF, both of the forms of ITF that we have identified
and continuing for an additional 65±95 min. In some experiments,
in the present study are associated with persistent acti- the wash period after 5-HT offset was interrupted by a period of
vation of protein kinases, a characteristic that is well drug treatment in which the preparation was maintained in a static
bath (see below).suited to modulate the induction of LTF. For example,
In one series of experiments, the ability of SN activity to enhancethe persistent activation of PKA that mediates the ex-
the induction of ITF was assessed by recording from two SNs thatpression of activity-independent ITF may promote the
shared a common MN as a postsynaptic target. After (10 min) the
establishment of LTF by prolonging the activation of last baseline EPSP measurements were taken for both SNs (as
molecular events that are necessary for LTF. In support above), a single 5 min pulse of 5-HT (50 mM) was applied to the
bath. One SN (SN1) was activated with four trains of suprathresholdof this idea, LTF can be induced at cultured SN±MN
depolarizing current pulses (4 ms) at 10 Hz at 1, 2, 3, and 4 minsynapses by exposure to a cAMP analog for a duration
after 5-HT onset, while the other SN (SN2) was not activated duringthat is similar to the time course of ITF expression in
5-HT exposure. The length of each stimulus train in SN1 was 2 s,
the intact CNS (Schacher et al., 1988). Moreover, tran- resulting in 20 elicited spikes per train. The MN was maintained at
scriptional activation via the cAMP response element± 270 mV throughout the experiment, including the period of SN
binding protein, a target of PKA in Aplysia SNs, is neces- activation. The SN±MN synapses for both SN1 and SN2 were exam-
ined every 15 min, beginning 5 min and continuing until 65 min aftersary for the induction of LTF (Dash et al., 1990; Bartsch
5-HT offset. The effect of SN activation in the absence of 5-HTet al., 1995). These results suggest that the expression
was assessed in independent experiments, recording from singleof activity-independent ITF, through a persistent activa- SN±MN synapses.
tion of PKA, may play a critical role in the establishment To investigate the requirement of protein synthesis for the induc-
of LTF. Indeed, it has been shown that the PKA-depen- tion of ITF by either five spaced applications of 5-HT or a single 5-HT
pulse coincident with SN activation, the protein synthesis inhibitordent intermediate phase of LTP (I-LTP) in the CA1 region
emetine (Sigma, St. Louis, MO) was added to the perfused ASW atof hippocampus ªgatesº the full expression of L-LTP
a concentration of 100 mM immediately after the second pretest(Winder et al., 1998) and that upregulation of PKA in
and throughout the experiment (in all cases, at least 40 min prior
this region produces L-LTP (Frey et al., 1993). Since to initial 5-HT exposure). Emetine, at this concentration, was used to
intermediate temporal phases of plasticity have been block protein synthesis because it does not affect baseline synaptic
transmission or STF even after long exposures (Martin et al., 1997;identified in several preparations that serve as useful
Sherff and Carew, 1999). Prior to 5-HT treatment, two additionalmodel systems for analyzing the cellular and molecular
pretests were taken to ensure that baseline synaptic transmissionbasis of learning and memory, an important general
remained unaffected by emetine treatment. In a second series of
question now to be addressed is whether these forms experiments, the role of specific second messengers in the expres-
of cellular plasticity contribute to one or more distinct sion of ITF was examined by pharmacological manipulation after
ITF was induced. For experiments examining ITF expression afterintermediate phases of memory.
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five pulses of 5-HT, the electrodes were removed from both the SN of presynaptic facilitation that contribute to sensitization and disha-
and MN prior to the first 5-HT pulse, and these cells were reimpaled bituation in Aplysia sensory neurons. Proc. Natl. Acad. Sci. USA 87,
5±10 min prior to the fifth 5-HT pulse. To prevent a discharge in the 2040±2044.
SN, it was reimpaled under a strong hyperpolarizing current (2±3 Buonomono, D.V., and Byrne, J.H. (1990). Long-term synaptic
nA) that was slowly relieved following impalement over a period of changes produced by a cellular analog of classical conditioning in
z30 s. ASW was continuously perfused after the last 5-HT pulse Aplysia. Science 249, 420±423.
for 19 min, at which point the perfusion system was stopped at a
Byrne, J.H., and Kandel, E.R. (1996). Presynaptic facilitation revis-
bath volume of 2.4 ml, and the 20 min posttest was taken. In cases
ited: state and time dependence. J. Neurosci. 16, 425±435.
in which EPSP amplitude was ,40% above baseline at the 20 min
Casadio, A., Martin, K.C., Giustetto, M., Zhu, H., Chen, M., Bartsch,test, the experiment was terminated (4 of 19 experiments). If EPSP
D., Bailey, C.H., and Kandel, E.R. (1999). A transient, neuron-wideamplitude was .40% above baseline, the PKA inhibitor KT 5720
form of CREB-mediated long-term facilitation can be stabilized at(10 mM; Calbiochem, La Jolla, CA), its vehicle (1% DMSO), or the
specific synapses by local protein synthesis. Cell 99, 221±237.PKC inhibitor chelerythrine (10 mM; Calbiochem, La Jolla, CA) was
then applied in a 100 ml volume to reach the indicated final bath Castellucci, V.F., Kandel, E.R., Schwartz, J.H., Wilson, F.D., Nairn,
concentration in a total volume of 2.5 ml. The preparation was main- A.C., and Greengard, P. (1980). Intracellular injection of the catalytic
tained in this static bath for the 35, 50, and 65 min tests. Immediately subunit of cyclic AMP±dependent protein kinase simulates facilita-
following the 65 min test, the continuous perfusion of ASW was tion of transmitter release underlying behavioral sensitization in
resumed to wash out the drug/vehicle from the bath, and two addi- Aplysia. Proc. Natl. Acad. Sci. USA 77, 7492±7496.
tional tests were conducted (at 80 and 95 min after 5-HT offset). Castellucci, V.F., Nairn, A.C., Greengard, P., Schwartz, J.H., and
For experiments examining a single 5-HT pulse coincident with SN Kandel, E.R. (1982). Inhibitor of cAMP-dependent protein kinase
activity, the procedure was identical, except that the static bath blocks presynaptic facilitation in Aplysia. J. Neurosci. 2, 1673±1681.
commenced 10 min after 5-HT offset, and the experiments were
Clark, G.A., and Kandel, E.R. (1993). Induction of long-term facilita-terminated at the 65 min time point. In these experiments, 100 ml
tion in Aplysia sensory neurons by local application of serotonin toaliquots of either KT 5720, the PKC inhibitors H7 (Research Bio-
remote synapses. Proc. Natl. Acad. Sci. USA 90, 11411±11415.chemicals, Natick, MA) and chelerythrine, or distilled water (the
Cleary, L.J., Lee, W.L., and Byrne, J.H. (1998). Cellular correlates ofvehicle for both H7 and chelerythrine) was added immediately after
long-term sensitization in Aplysia. J. Neurosci. 18, 5988±5998.the perfusion was stopped to reach final bath concentrations of 10
mM, 1 mM, and 10 mM, respectively. The concentrations of inhibitors Conn, P.J., Strong, J.A., Azhderian, E.M., Nairn, A.C., and Kacz-
used in this study were empirically determined to be effective in marek, L.K. (1989). Protein kinase inhibitors selectively block phor-
blocking ITF expression while at the same time having no affect on bol ester± or forskolin-induced changes in excitability of Aplysia
baseline synaptic transmission. neurons. J. Neurosci. 9, 473±479.
Crow, T., Siddiqi, V., and Dash, P.K. (1997). Long-term enhancement
Data Analysis but not short-term in Hermissenda is dependent upon mRNA synthe-
Baseline EPSP amplitude was determined by the average of at least sis. Neurobiol. Learn. Mem. 68, 340±347.
three pretests. Baseline EPSP amplitudes (in mV), and those at 5
Crow, T., Xue-Bian, J-J., and Siddiqi, V. (1999). Protein synthesis±min after the first 5-HT pulse and 20±65 min after the last 5-HT pulse,
dependent and mRNA synthesis±independent intermediate phasewere analyzed with a single factor analysis of variance (ANOVA).
of memory in Hermissenda. J. Neurophysiol. 82, 495±500.Following the ANOVA, individual time points were compared against
Dash, P.K., Hochner, B., and Kandel, E.R. (1990). Injection of thebaseline using Fisher's test to test for significant synaptic facilita-
cAMP-responsive element into the nucleus of Aplysia sensory neu-tion. For experiments examining one pulse of 5-HT with or without
rons blocks long-term facilitation. Nature 345, 718±721.coincident SN activity, the SN1 and SN2 in each experiment were
treated as correlated pairs and analyzed with a paired t test. As Davis, H.P., and Squire, L.R. (1984). Protein synthesis and memory:
initial experiments (Figure 1) clearly specified the direction of the a review. Psychol. Bull. 96, 518±559.
effect of coincident SN activation, later experiments (Figures 3 and DeZazzo, J., and Tully, T. (1995). Dissection of memory formation:
4) were analyzed with a one-tailed test. from behavioral pharmacology to molecular genetics. Trends Neu-
rosci. 18, 212±218.
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